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A Grasslands dominated by non-native (exotic) spe- cies have replaced purely native-dominated areas in many
parts of the world forming ‘novel’ ecosystems. Altered precipitation patterns are predicted to exacerbate this
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diversity native- and low diversity exotic-dominated sites and how altered precipitation will impact this
difference.
Methods We sampled 64 experimental grassland plots in central Texas with plant species mixtures of either all
native or all exotic species; half with summer irrigation. We tested how native vs. exotic plant species mixtures
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niche vs. neutral processes for microbial phylotype co- occurrence (C-score analysis), and rates of phosphorus
and nitrogen mineralization across an 8-year experiment.
Results Native and exotic-dominated plots had sig- nificantly different fungal community composition and
structure, but not diversity, throughout the length of the study, while changes in bacterial communities were
limited to certain wet and cool years. Nitrogen and phosphorus mineralization rates were higher un- der native
plant mixtures and correlated with the abundance of particular fungal species. Microbial communities were
more structured in exotic than native grassland plots, especially for the fungal community.
Conclusions The results indicate that conversion of native to exotic C4 dominated grasslands will more
strongly impact fungal than bacterial community structure. Further- more, these impacts can alter ecosystem
functioning be- lowground via changes in nitrogen and phosphorus cycling.
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Abstract
Aims Grasslands dominated by non-native (exotic) spe-
cies have replaced purely native-dominated areas in
many parts of the world forming ‘novel’ ecosystems.
Altered precipitation patterns are predicted to exacerbate
this trend. It is still poorly understood how soil microbial
communities and their functions differ between high
diversity native- and low diversity exotic-dominated
sites and how altered precipitation will impact this
difference.
Methods We sampled 64 experimental grassland plots
in central Texas with plant species mixtures of either all
native or all exotic species; half with summer irrigation.
We tested how native vs. exotic plant species mixtures
and summer irrigation affected bacterial and fungal
community composition and structure, the influence of
niche vs. neutral processes for microbial phylotype co-
occurrence (C-score analysis), and rates of phosphorus
and nitrogen mineralization across an 8-year
experiment.
Results Native and exotic-dominated plots had sig-
nificantly different fungal community composition
and structure, but not diversity, throughout the length
of the study, while changes in bacterial communities
were limited to certain wet and cool years. Nitrogen
and phosphorus mineralization rates were higher un-
der native plant mixtures and correlated with the
abundance of particular fungal species. Microbial
communities were more structured in exotic than
native grassland plots, especially for the fungal
community.
Conclusions The results indicate that conversion of native
to exotic C4 dominated grasslands will more strongly
impact fungal than bacterial community structure. Further-
more, these impacts can alter ecosystem functioning be-
lowground via changes in nitrogen and phosphorus
cycling.
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Introduction
The introduction and continued spread of exotic plant
species are shaping landscapes of North America leading
to the establishment of ‘novel’ ecosystems, sites dominat-
ed by non-native plant species from different regions
(Hobbs et al. 2006, 2009, 2013). Novel ecosystems can
function differently than the native systems that they re-
place, and a better understanding of how native and novel
ecosystems differ will help management and policy efforts
(Seastedt et al. 2008; Wilsey et al. 2009, 2017). Climate
patterns have become novel as well (Allan and Soden
2008), both in the timing and intensity of rainfall events,
and altered rainfall is predicted to favor exotic plant spe-
cies (Dukes and Mooney 1999). Climate change could
have indirect or direct effects on microbial communities,
as well as an interactive effect that might enhance native-
exotic differences (Cruz-Martínez et al. 2009, 2012;
Hawkes et al. 2011). Grasslands dominated by exotic
species often have lower plant diversity, altered C3-C4
biomass proportions, and different phenologies (Christian
and Wilson 1999; Martin et al. 2014; Wilsey and Polley
2006; Wilsey et al. 2009, 2011, 2017; Xu et al. 2015).
These changes in the aboveground plant community could
have important impacts on belowground nutrient cycling
and soil microbial communities as novel ecosystems be-
come more prevalent (Bardgett and van der Putten 2014).
Gibbons et al. (2017) studied how microbial communities
were impacted by one of three different annual exotic
species: Centaurea stoebe (knapweed), B. tectorum, and
Euphorbia esula (leafy spurge), and found that exotic
species affected soil properties and the structure and com-
position of microbial communities.
Exotic-dominated plant communities could drive
long-term differences in microbial communities by alter-
ing the plant carbon (C) to nitrogen (N) ratio in root and
shoot litter or the root distribution with depth (Coleman
et al. 2000; Wilsey and Polley 2006). This effect may be
positive or negative depending on the mode of photosyn-
thesis of the invading plant species’ (Martin et al. 2014).
In systems dominated by C3 plant species, mineralization
rates are usually increased by exotic species (Stark and
Norton 2015; Wedin and Tilman 1992). In systems dom-
inated by C4 grasses or annual species, the invasion of
exotic species led to increased litter biomass, C:N, and
lignin:N ratios, which reduced mineralization rates
(Evans et al. 2001). In our system, the southern plains
of the USA, exotic communities are strongly dominated
by perennial C4 grasses with high C:N ratios, whereas
native communities are diverse mixtures of perennial C3
forbs, C3 grasses, and C4 grasses (Wilsey et al. 2011; Xu
et al. 2015). Wilsey and Polley (2006) found that
root:shoot ratios, deep root mass, and root mass fraction
were lower in exotic than native perennial grasses.
Changes in microorganisms can lead to feedback that
affect plant communities by altering nutrient cycling
(Berg and Smalla 2009). The plant-microbe-soil feedback
loop is theorized to influence a whole range of ecosystem
services and dynamics, ranging from litter decomposition
to biodiversity-functioning relationships, and natural se-
lection and fitness (Bardgett and van der Putten 2014;
Kardol et al. 2013; van der Putten et al. 2013). For
example,microbes decompose organicmatter and convert
N and phosphorous (P) into inorganic forms (mineraliza-
tion), making them available for plant uptake. Due to the
strong relationships between native plants and microor-
ganisms that inhabit all parts of plants (rhizosphere,
endosphere, and phyllosphere), as well as those residing
in bulk soil, any changes in grassland plant community
composition may have strong effects on microbial com-
munities, and in turn, on ecosystem functioning (Bakker
et al. 2013; Vandenkoornhuyse et al. 2015). Yet predictive
capabilities for how the conversion from native to novel
ecosystems will impact microbial community composi-
tion, diversity, neutral vs. niche processing, and biogeo-
chemical processes remain unresolved.Microbial changes
could be especially pronounced following exotic inva-
sions, because exotic plants are recent arrivals with no
evolutionary history with microbes in the invaded range,
have differing phenologies than native plants, and could
alter nitrogen-fixing microbes due to the variance in tissue
types in exotic plant communities.
Replacement of native plant communities by exotic
species could alter the structure as well as the composition
of microbial communities. Both niche and neutral process-
es can shape microbial communities (Dini-Andreote et al.
2015; Dumbrell et al. 2010; Morrison-Whittle and God-
dard 2015). Niche processes lead to structured microbial
communities that reflect compositional variation across
host plants, time periods, or soil properties. Neutral pro-
cesses are random effects (ecological drift) unrelated to
habitat conditions that can also lead to variation in micro-
bial communities (Dumbrell et al. 2010; Stegen et al.
2012). If neutral processes are solely operating on micro-
bial communities, then variation should be unrelated to
native or exotic plant species shifts or changes in rainfall
patterns. However, the influence of native vs. exotic plants
or altered rainfall on microbial community structure has
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not been examined. Exotic plant species are recent arrivals
in North America, and they have a shorter history of plant-
microbe interactions in this environment compared to
native plant species. Based on this, we predicted that
neutral processes would dominate in exotic-dominated
grasslands, and niche processes would be stronger in
native plant communities.
We compared microbial community composition, di-
versity, and functioning (N and Pmineralization) in exotic
and native dominated grassland plots, with and without
summer irrigation using the long-term Maintenance of
Exotic vs. Native Diversity (MEND) experiment in Cen-
tral Texas (Wilsey et al. 2011). Over time, exotic plant
communities developed much lower plant species diver-
sity, higher net primary productivity (NPP), and stronger
dominance by C4 grass species than native communities
(Wilsey et al. 2011, 2014;Martin et al. 2014). This has led
to changes in plant inputs into the soil that could affect
microbial composition and functioning. We hypothesized
that: 1) bacterial and fungal diversity and community
composition differ between exotic and native plant com-
munities, and that this difference is sustained over time, 2)
the shifts under exotic vs. native plants will lead to chang-
es in ecosystem functioning (N and P mineralization), 3)
native-exotic differences will vary across rainfall treat-
ments, with exotic plot microbial communities
responding with greater variability to rainfall inputs, 4)
structure of microbial communities and co-occurrence of
microbial phylotypes is more impacted by niche than
neutral processes in native than exotic communities.
Methods
Study experimental design
TheMaintenance of Exotic vs. Native Diversity (MEND)
experiment was established early in 2008 at theGrassland,
Soil, and Water Research Laboratory (Temple, TX)
(Polley et al. 2016; Wilsey et al. 2011, 2014). A detailed
description of the experimental design can be found in
Wilsey et al. (2011, 2014). Briefly, the experiment was
designed as a factorial with 1 m× 1m plots of mixtures of
all native or all exotic plant species crossedwith a summer
irrigation treatment (128 mm per year added from July 15
to August 15 or no additions as a control) with 16 plots
per treatment. The 64 experimental mixtures were planted
to identical plant densities, functional group proportions,
and species diversity to determine whether differences
develop over time between native and exotic plant com-
munities with and without altered precipitation. Either all
native species or all exotic species were assigned to 9-
species mixtures using a paired species design and species
pool of 36 native and exotic species (Table S1). All plant
species used were perennials. Replication was achieved
with 8 random species draws per treatment and 2 true
replicates per random draw and treatment (n = 16 mix-
tures in each of the four treatments). The 2-m alleyways
between plots were seeded with Bouteloua curtipendula
(Daneshgar et al. 2013). Plots were not fertilized during
the duration of the study.
By October 2009, the plots had stabilized into a high
diversity native system and a low diversity exotic-
dominated system, which matches closely with the differ-
ences between native and exotic-dominated fields in the
area (Wilsey et al. 2011, 2014). Exotic plots were strongly
dominated by C4 grasses, whereas, native plots had a
diverse mixture of C3 forbs and grasses and C4 grass
species (Daneshgar et al. 2013; Martin et al. 2014). There
were also differences between native and exotic species in
aboveground biomass production (peak biomass) and
response to summer irrigation (Polley et al. 2014, 2016).
Plant communities were sampled in June and October of
each year as detailed by Wilsey et al. (2011) and Xu et al.
(2015).
N and P mineralization
Polyvinyl chloride (PVC) rings, 10 cm width × 15 cm
depth, were pushed into the soil in the center of each plot
in March 2015. Rings were kept root free by weeding to
prevent root uptake of nutrients (Raison et al. 1987).
Thus, the PVC ring provided a barrier to root uptake to
separate microbial processes inside the ring from plant+
microbial processes outside the ring (Raison et al.
1987). Within each ring, one anion and one cation
membrane (Western Ag Innovations, Saskatoon, Sas-
katchewan, Canada) were inserted on March 16th and
removed June 1st, 2015 (Time period 1), inserted again
on June 22nd and removed August 18th, 2015 (Time
period 2), and inserted on August 25th and removed
November 12th, 2015 (Time period 3). These dates were
selected to cover the long growing seasons at our field
site. Total N mineralization, taken as NO3
− and NH4
+
accumulation during each time period, was measured
colorimetrically using an automated flow injection sys-
tem. In the third time period, rodents damaged a few
cation probes, and total N was calculated with NO3
−
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only. Analyzing the data without these plots did not
change the results because NH4
+ only contributed a
trace amount to total N mineralization. Phosphorus min-
eralization, PO4
−, was measured with an inductively
coupled plasma spectrometer (ICP) for each time period.
Soil sample collection for microbial analysis
Two soil cores (3.2 cm diameter) were subsampled
from each plot to 10 cm depth in October 2009,
2014, and 2015 at the end of the second, seventh,
and eighth growing seasons. The soil cores were
stored on dry ice and immediately shipped to Iowa
State University (Ames, IA). The soil samples from
the two cores per plot per date were composited,
homogenized, subsampled, and stored at −80 °C
until DNA extraction.
DNA extraction
Microbial DNAwas isolated from 0.25 g of soil using the
PowerMax Soil DNA Isolation Kit (MoBio Laboratories
Inc., Carlsbad, CA) following the manufacturer’s instruc-
tions. DNA concentration was determined using a
NanoDrop 2000 spectrophotometer (ThermoScientific,
Wilmington, DE). The DNA samples were stored at
−80 °C until library preparation for sequencing.
Library preparation and amplicon sequencing
Amplicon libraries were prepared and sequenced at
Argonne National Laboratory (Lemont, IL). The ampli-
fication of V4 region of 16S rRNA for construction of
amplicon libraries was performed using primers (515F-
806R) and protocol described by Caporaso et al. (2010)
for samples collected in 2009, and the modified protocol
for samples collected in 2014 and in 2015 (Caporaso
et al. 2012). The amplification of Internal Transcribed
Spacer (ITS) region for construction of amplicon librar-
ies was performed for samples collected in each year
using primers (ITS1f-ITS2) (Smith and Peay 2014) and
the sequencing protocol of Caporaso et al. (2012). Fol-
lowing the multiplexing protocol, agarose gel electro-
phoresis was used to determine the presence of PCR
products, and DNA concentration was measured with
Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen,
Carlsbad, CA). The samples were sequenced using se-
quencing primers for pair-end sequencing. Samples
from 2009 (V4 of 16S rRNA) were sequenced on
Genome Analyzer IIx (GAIIx, Illumina, San Diego,
CA) and samples from 2014 and 2015 were sequenced
on MiSeq (Illumina, San Diego, CA).
Sequence processing
Bacterial and fungal sequences were processed through
the open access ‘hundo’ v1.1.6 pipeline (https://zenodo.
org/record/1193819). Bacterial sequence reads were
demultiplexed with EA-Utils (Aronesty 2013) with zero
mismatches allowed in the barcode sequence followed
by quality filtering with BBDuk2 (Bushnell 2014) for
removal of adapter sequences and PhiX with matching
kmer length of 31 bp at a hammering distance of 1. Any
reads shorter than 51 bp were removed. USEARCHwas
used to merge reads (Edgar 2010) with a minimum
length threshold of 125 bp and maximum error rate of
1%. After sequences were dereplicated (minimum se-
quence abundance of 2), they were clustered using
USEARCH (Edgar 2013) at 97% pairwise sequence
identity among operational taxonomic unit (OTU)mem-
ber sequences. Concurrently, de novo prediction of chi-
meric sequences was performed during clustering.
BLAST was used to assigned taxonomy to OTU se-
quence (Camacho et al. 2009) alignments followed by
least common ancestor assignments across SILVA data-
base version 123 clustered at 99% (Quast et al. 2013).
OTU seed sequences were filtered against SILVA data-
base version 123 clustered at 99% to identify chimeric
OTUs using USEARCH.
Fungal sequences were processed using the same
approach with a few differences: 175 bp as a minimum
length threshold and UNITE v. 7 database for assigning
the taxonomy and identification of chimeric OTUs. In
both cases, sequences were aligned using Clustal Ome-
ga (Sievers et al. 2011) and FastTree2.0 (Price et al.
2010) was used to generate the phylogenetic tree in a
Newick format.
For 16S sequences, any non-prokaryotic or phylum-
unassigned sequences were removed from the OTU
table and a total number of sequences for all three years
for bacteria was 11,839,740 (2009: 8,033,517; 2014:
1,949,334; 2015: 1,856,889). For ITS sequences, unas-
signed sequences were removed and the total number of
sequences for all three years for fungi was 4,317,020
(2009: 1,344,230; 2014: 826,862; 2015: 2,145,928).
The sequences were assigned across 20,804 bacterial
and 3280 fungal OTUs.
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Statistical analyses
The preliminary statistical analysis was conducted in
QIIME using Bcore diversity^ script (Caporaso et al.
2010). The number of sequences per sample was normal-
ized by rarefaction to the lowest number of reads in
bacterial and fungal libraries (4306 for bacteria and 5613
for fungi). Subsampling a given population allows for the
comparison of multiple samples, that otherwise varies in
abundance because of the sequencing process. The nor-
malized (rarefied) data were used in all statistical tests.
Microbial diversity analysis
Alpha diversity was estimated by calculating Simpson’s
reciprocal (1/∑pi2), Faith’s phylogenetic diversity (PD)
indexes, and Chao1 richness estimator. To determine the
impact of native and exotic plant treatments and irriga-
tion on microbial diversity measures, a mixed model
ANOVA (Proc MIXED), with main effects of plant
treatments (Native vs. Exotic) and irrigation (128 mm
or 0 mm) as fixed effects, and draw and rep as random
terms was performed. Repeated measures analyses (di-
versity measures) used first-order autoregressive
(AR(1)) covariance structure calculations in SAS 9.4
(SAS Institute, Cary, NC).
Microbial community composition analysis
To determine how plant treatments, irrigation, and their
interaction shaped microbial community composition,
R Studio v. 1.0.136 was used to perform permutation-
based non-parametric multivariate analysis of variance
on microbial OTU abundance using ‘Vegan’ package.
OTU abundance was used for a PERMANOVA analy-
sis, using a two-way factorial design (plant treatment,
summer irrigation, and plant and irrigation treatments)
with 999 permutations for each year. Samples that had
low read counts, <1000 reads, were removed from the
analysis and the corresponding draws were removed
from PERMANOVA. Additionally, a non-metric multi-
dimensional scaling (NMDS) analysis using a Bray-
Curtis dissimilarity matrices was performed with plant
treatments (native vs. exotic), summer irrigation, and the
interaction between plant treatments and irrigation, to
determine their impact on OTU abundance, microbial
composition. Following, NMDS scree plots were used
to determine the number of dimensions for presenting
each ordination. The normalized data were filtered to
contain only OTUs representing at least 0.1% of total
reads in each sample using QIIME (Bfilter otus from otu
table^ command).
Niche and neutral processes analyses
We determined the influence of both neutral and niche
processes on microbial community structure under native
vs. exotic plants by using checkerboard scores (C-scores).
The C-score (Stone and Roberts 1990) was calculated in
EcoSim v. 7.0 (Gotelli and Entsminger 2004) as a
presence/absence matrix on normalized OTU table that
was previously filtered (only including OTUs with
>0.1% absolute abundance). The C-score determines
the strength of this non-random co-occurrence: the higher
the C-score, more segregation and presumably, competi-
tion exist between species (niche differentiation). If the C-
score is low, species co-exist together without competi-
tion (neutral processes dominate). Another measure of
significant non-random co-occurrence is the standardized
effect size (SES). SES is significant at values below −2 or
above 2. Statistical significance was based on a permuta-
tion procedure comparing calculated C scores to random-
ly derived C scores.
Microbial functional group analyses
To evaluate unique OTUs to each plant treatment, the
group significance command with Kruskal-Wallis test to
estimate mean abundance of individual OTUs in native
and exotic plots, with the Benjamini-Hochberg false
discovery rate (FDR) correction applied to p values.
Functional trophic modes were analyzed for the differ-
entially abundant fungal OTUs within native and exotic
samples by using FUNguild (https:/ /gi thub.
com/UMNFuN/FUNGuild) (Nguyen et al. 2016).
N and P mineralization analyses
A mixed model ANOVA was used to determine the
impact of plant treatment (exotic vs. native) and summer
irrigation on microbial mineralization of N and P. A
mixed model ANOVAwas performed using plant treat-
ment and irrigation as fixed effects and draw and rep as
random terms. Mineralization data was analyzed as a
repeated measure and first-order autoregressive covari-
ance structure was used in calculations. To determine if
particular microbial community members had a signifi-
cant correlation with N or P mineralization, an NMDS
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biplot with cutoff R2 value = 0.2, was performed on
microbial community data from 2015 (the same year
as mineralization) and average total N and P minerali-
zation rates.
Results
Microbial community composition
The majority of bacterial sequences were assigned at the
phylum level at a minimum (99.75%). Dominant bacte-
rial phyla included: Proteobacteria (35%), Acidobacteria
(19.3%), Bacteroidetes (17.3%), Actinobacteria (9.5%),
and Verrucomicrobia (8.9%) (Table S2). Fungal commu-
nities were dominated by the Ascomycota (65.5%) and
Zygomycota (14.8%) phyla, with less abundant phyla
being unclassified phyla (9.4%), Basidiomycota (9%)
and Glomeromycota (0.11%).
Plant treatment but not irrigation had a strong effect on
fungal community composition at the OTU level across
the years (factorial PERMANOVA, P < 0.05) (Table 1).
There was no significant interaction effect of plant treat-
ment and irrigation except in 2015 (P = 0.015). As dem-
onstrated in the NMDS plots, differences in community
structure were driven primarily by plant treatment
(P < 0.05), however, the differences between native and
exotic communities were relatively small (Fig. 1).
To further evaluate the impact of plant treatment on
the fungal community composition, we performed a
differential abundance test between the native and exotic
plant community plots. The testing was not performed
for summer irrigation treatment because of no effect on
mic rob i a l commun i t i e s a s de t e rm ined by
PERMANOVA. Fourteen fungal OTUs differed in their
abundance between native and exotic plots (P < 0.05
after Benjamini-Hochberg FDR correction) (Table 2)
and were classified based on the trophic mode:
saprotrophs, pathogens, or the OTUs with unknown
function. Among the listed OTUs, only four were iden-
tified to the genus level: Stagonospora, Humicola
grisea var. grisea, Lophiostoma and Basidioascus
undulatus. OTU representing Stagonospora genus was
assigned to the pathogen group, and it was more abun-
dant in native plots. Saprotrophs were represented by six
OTUs. One OTU of order Hypocreales was more abun-
dant in exotic plots. The remaining OTUs are unknown
in their trophic mode by FUNguild analysis. Unlike the
fungal community, no bacterial OTUs were found to be
significantly different in their mean abundance between
native and exotic plots (Kruskal-Wallis test, P > 0.05
after Benjamini-Hochberg FDR correction).
Two-way factorial PERMANOVA showed an effect
of plant treatment on bacterial community composition
in 2009 and 2015 (P < 0.05). The summer irrigation
treatment had a marginal effect on the bacterial commu-
nity only in 2009, which was the second growing sea-
son. No interactions effects of plant treatment with
summer irrigation were detected for the bacterial com-
munity. NMDS revealed patterns consistent with
PERMANOVA results showing significant sample clus-
tering based on plant treatment in 2009 and 2015 al-
though similarly to fungi the differences were relatively
small (Fig. 2).
Bacterial OTU differential abundance was also ana-
lyzed to determine the impact of the plant treatment on
the bacterial community. However, unlike the fungal
community, no bacterial OTUs were found to be
Table 1 Two-way PERMANOVA results for bacterial and fungal communities OTU abundance with plant treatment and summer irrigation
as factors used for grouping (bold font indicates significant P values; df – degrees of freedom)
Treatment Year df Bacteria [F (P)] df Fungi [F (P)]
Plant Treatment (Native vs. Exotic) 2009 1,59 2.447 (0.001) 1,59 1.563 (0.013)
2014 1,59 1.126 (0.2) 1,51 1.642 (0.018)
2015 1,63 1.27 (0.04) 1,59 1.394 (0.056)
Summer Irrigation (0 or 128 mm) 2009 1,59 1.365 (0.058) 1,59 1.169 (0.169)
2014 1,59 1.021 (0.338) 1,51 1.127 (0.254)
2015 1,63 0.918 (0.719) 1,59 0.973 (0.491)
Plant Treatment x Summer Irrigation 2009 1,59 1.244 (0.109) 1,59 0.8 (0.872)
2014 1,59 0.901 (0.669) 1,51 0.71647 (0.924)
2015 1,63 0.984 (0.478) 1.59 1.64 (0.015)
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Fig. 1 Fungal non-metric multidimensional scaling (NMDS)
based on Bray-Curtis dissimilarity distance measures for OTU
abundance by plant treatment (native vs. exotic) by sampling year,
axis 1 vs. 2 and axis 1 vs. 3 are shown, a) 2009 (2D stress 0.229,
3D stress 0.171), b) 2014 (2D stress 0.253, 3D stress 0.182), c)
2015 (2D stress 0.243, 3D stress 0.182)
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significantly different in their mean abundance between
native and exotic plots (Kruskal-Wallis test, P > 0.05
after Benjamini-Hochberg FDR correction).
Microbial diversity
Diversity measurements for the microbial community
were analyzed to determine if plant treatment or irrigation
had an impact on the diversity of the microbial commu-
nity. Fungal diversity measures, Chao1 and Faith’s phy-
logenetic diversity, were similar between plant treatment
and summer irrigation treatments, and the interaction of
the plant treatment and summer irrigation was not signif-
icant (Fig. S1). However, there was a large drop in fungal
diversity in 2014 compared to sampling years, 2009 and
2015. The interaction between plant treatment and sum-
mer irrigation moderately affected fungal Simpson’s re-
ciprocal, but plant treatment and summer irrigation did
not (interaction: F1,185 = 3.542, P = 0.061).
On the other hand, bacterial diversity measures did
differ between native and exotic plots, with Chao1 rich-
ness and Faith’s phylogenetic diversity showing signif-
icantly higher values for exotic than native mixtures
(F1,185 = 10.18, P = 0.015 and F1,185 = 7.85, P = 0.027,
respectively). Faith’s phylogenetic diversity was much
higher during 2009 than 2014 and 2015. However,
Chao1 richness had the opposite pattern, with lower
richness values in 2009 than in 2014 and 2015.
Simpson’s diversity measures (Fig. S2) were not statis-
tically significant for any treatment.
Microbial functioning: mineralization rates in native vs.
exotic mixtures
Microbial functioning was assessed as mineralization of
N and P. Nitrogen mineralization was significantly
higher under native than exotic plots (F1,27 = 34.2,
P < 0.001). This was consistent across time periods
and irrigation treatments (i.e., there was no time x plant
treatment interaction). Nitrogenmineralization was low-
est during the middle (warmest) part of the growing
season (Time F2,118 = 41.2, P < 0.001) (Fig. 3a).
Phosphorus mineralization was greater in native than
exotic plots only at the final sampling (plant treatment
F1,59 = 15.09, P = 0.0003; time x plant treatment inter-
action F2,118 = 9.02, P = 0.0002). Phosphorus
Table 2 Differentially abundant fungal OTUs in native vs. exotic
plots (the means OTU abundance tested across years). The taxon-
omy of each OTU is assigned to the lowest taxonomic level
identified. The unclassified sequences belong to Fungi domain.
Their ecological roles were based on the analysis by FUNguild
Function Otu no. Mean Abundance Kruskal-Wallis
Test-Statistic
P value Taxonomy Literature
Native Plots Exotic Plots
Saprotrophs OTU 7 112.75 96.06 8.39 0.04 Humicola grisea var. grisea (Costa et al. 2012)
OTU 36 28.98 64.69 9.44 0.03 Lophiostoma (Tedersoo et al. 2014)
OTU 38 35.95 14.2 13.94 0.01 Basidioascus undulatus (Sterkenburg et al. 2015)
OTU 57 30.25 22.68 9.16 0.03 Tetracladium (Tedersoo et al. 2014)
OTU 89 2.93 20.14 20.25 0.0005 Hypocreales (Sterkenburg et al. 2015)
Pathogens OTU 52 26.18 0.55 22.86 0.0002 Stagonospora (Cunfer 2000;
Tedersoo et al. 2014)
Unknown OTU 8 120.47 61.28 13.46 0.006 Mortierellales
OTU 13 66.07 146.68 9.83 0.02 Basidiomycota
OTU 18 80.67 28.56 8.19 0.04 Ascomycota
OTU 51 26.32 12.11 7.82 0.05 Ascomycota
OTU 59 16.8 12.98 10.47 0.02 Zygomycota
OTU 70 19.29 1.36 16.34 0.002 Unclassified fungi
OTU 86 11.24 9.34 8.54 0.04 Sordariomycetes
OTU 114 2.17 57.95 9.99 0.02 Auriculariales
OTU 129 9.33 4.34 17.97 0.001 Unclassified fungi
OTU 3718 28.77 70.54 10.44 0.02 Basidiomycota
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Fig. 2 Bacterial non-metric multidimensional scaling (NMDS)
based on Bray-Curtis dissimilarity distance measures for OTU
abundance by plant treatment (native vs. exotic) by sampling year,
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mineralization was significantly lower in exotic plots in
the last sampling period (Fig. 3b). Several fungal taxa
were associated with the change in mineralization
(Fig. 4). Increased N and P mineralization were associ-
ated with fungal OTUs representing Humicola grisea
var. grisea, order Mortierellales.
Fig. 3 Nitrogen (a) and phosphorus (b) mineralization rates in native vs. exotic plant mixtures at three different time points collected in 2015
(time point 1: March 16th to June 1st, time point 2: June 22nd to August 18th, time point 3: August 25th to November 12th)
Fig. 4 Non-parametric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity distance measure for fungal community in
2015 with averaged total N and P content as variables
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Niche vs. neutral processed in microbial communities
The checkerboard score (C-score) was calculated for the
co-occurrence analysis in native vs. exotic plots to de-
termine if niche or neutral processes predominated. If
the C-score for the observed data is significantly differ-
ent than the C-score for simulated data, species occur
non-randomly (e.g., communities are more structured).
Generally, in both native and exotic plots, non-random
co-occurrence was observed (Pobs < =Psim) (Table 3).
The C-scores were much higher for fungal than bacterial
communities, implying less randomness, and more
niche differentiation among fungi than bacteria. C-
scores were higher in exotic than native plots for both
bacterial and fungal communities, suggesting greater
structure in microbial communities under exotic than
native plant communities.
Discussion
We conducted an eight-year study of microbial commu-
nities in soils beneath native and exotic plant species
mixtures that either were exposed to summer irrigation
or were non-irrigated controls. In this highly replicated
experiment that was established in 2008 and sampled
through 2015, we observed that composition, structure,
and function of microbial communities differed between
native and exotic plant communities. Summer irrigation
did not significantly change the microbial community
structure. Fungal community composition was more
strongly affected by native vs. exotic plant plots than
was bacterial community composition. The differences
in composition were driven through the differential
abundance of certain fungal phylotypes, among which
a pathogen and saprotrophs were detected, as well as
some with unknown function. This coincided with dif-
ferences in function, with lower N and P mineralization
in exotic than native plots. Finally, fungal community
composition was more non-random in co-occurrence in
plots of exotic than native plant communities.
We hypothesized that because native plant-microbe
communities co-evolved together they would be more
structured than microbial communities under exotic
plants. Notably, we found support for the opposite out-
come; exotic plots had stronger niche processes than
native plots. As the MEND experiment progressed over
time, native and exotic plots diverged from each other in
terms of diversity, with lower plant diversity in exotic
plots. The exotic plots were strongly dominated by
various C4 grasses, whereas native plots contained mix-
tures of C3 and C4 grasses and C3 forbs (Wilsey et al.
2011, 2014; Martin et al. 2014). The microbial commu-
nity composition and diversity differed between exotic
and native plots as well. These plant differences could
have had a stronger filtering effect on the microbial
community in exotic plots generating higher incidences
of non-random co-occurrence. Fungi, in particular, had
higher non-random co-occurrence than bacterial com-
munities in exotic than native plots.
Our results show bacterial communities were more
impacted by neutral processes compared to fungal com-
munities, which were more strongly impacted by niche
processes. Due to the differences in spatial scale of a
bacterium’s habitat vs. that of a fungus, it is often more
common to find differences in fungal community pro-
cesses when studied at relatively large spatial scales, e.g.
bulk soil compared to targeted studies, e.g. rhizosphere
or soil aggregates (Bach et al. 2018; Nemergut et al.
2013). Further exploration of this relationship between
rhizosphere and bulk soil in native and exotic plots can
test whether the occurrence is even less random due to
varying fungal trophic modes. In addition, use of this
finer spatial scale design may reveal stronger bacterial
roles within changes between native and exotic plant
community interactions, to account for their smaller
physical size.
Plant treatment (native vs. exotic plots), also impact-
ed fungal community phylotype abundance. The plant
pathogen genus Stagonospora (Solomon et al. 2006)
was significantly more abundant in native plots. This
higher accumulation of the genetic signatures of this
genus in native plots compared with exotic plots might
Table 3 Non-random co-occurrence of OTUs in native vs. exotic
plots. The number in bold indicates significant C-score (P < 0.05)
for non-random co-occurrence (obs – observed; sim – simulated)
Native plots Exotic plots
Fungi
C-scoreobs 170.5 196.6
C-scoresim 168 192.3
SES 15.9 17.9
Bacteria
C-scoreobs 103.8 108.6
C-scoresim 70.6 74.2
SES 191.7 118
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suggest a ready accumulation of pathogens in native
plants. Similarly, we detected a few fungal OTUs be-
longing to saprotrophic groups and the majority had
unclassified functions. The majority of environmental
microorganisms are unculturable, consequently most se-
quences identified organisms have unknown ecological
roles; as our understanding of individual fungi’s physiol-
ogy increases so will our determination of their ecology
relevance (Rondon et al. 1999; Vartoukian et al. 2010).
Native and exotic plant communities had distinctly
different microbial communities with altered microbial
mineralization rates. Microorganisms have been shown
to directly and indirectly influence plant communities
via mineralization (Schimel and Bennett 2004). Miner-
alization rates were much higher in native than exotic
plots. Native mixtures were more diverse, with a mix-
ture of C3 and C4 plant species present, which would
lead to higher substrate quality entering the soil com-
pared to the C4 grass dominated exotic plots (Martin
et al. 2014; Xu et al. 2015). C4 grasses have lower N
content than C3 species, and this potentially was respon-
sible for the reduced N mineralization in exotic plots.
An increase in microbial mineralization has been linked
to greater plant biomass as well as increases in tolerance
of drought (Panke-Buisse et al. 2015; Treseder and
Lennon 2015). The lower mineralization rates under
exotic plots may have been constraining their growth
response over time, reducing the differences in produc-
tivity between native and exotic plots. Under native
plant communities, microorganisms provided greater
ecosystem services in the plant-microbe-soil feedback
loop.
Fungal community changes due to plant treatment
were associated with changes in mineralization of N and
P. In particular, the abundance of fungal class
Agaricostilbomycetes, known saprotrophs, was posi-
t ively correlated with mineral izat ion rates .
Agaricostilbomycetes may represent a key group in this
system that regulates mineralization rates of N and P,
and this should be tested in the future with more direct
manipulations. N and P mineralization rates, in turn,
could be affecting plant productivity and both plant
and microbial community composition and diversity.
Unlike native-exotic plant differences, we found sur-
prisingly small and non-significant effects of summer
irrigation. Few have studied the direct influence of
altered precipitation on fungal and bacterial communi-
ties. Cruz-Martínez et al. (2009, 2012) found that mi-
crobial communities changed within days after rainfall
manipulations, showing a pulse response, but remained
unchanged over longer multi-year time periods. The
short-term change was associated with the relative abun-
dance of the most abundant phyla. Hawkes et al. (2011)
investigated how fungal communities responded to pe-
riods of altered precipitation and also found the impact
to be time-related, with less diverse fungal communities
during wetter periods immediately following a rainfall
event, but long-term effects were smaller. However, the
long-term effects of rainfall events vary, dependent upon
the magnitude of change in the aboveground communi-
ty (Cruz-Martínez et al. 2009). In our study, we did not
see any direct effects of irrigation, however, we do see
potentially indirect impacts due to changes in plant
communities within both exotic and native plots. Irriga-
tion may have a direct short-term impact on the micro-
bial community function, however, the long-term im-
pacts can be mediated by the aboveground community.
We did have large effects on microbial communities
from year to year differences, especially in sampling
years 2014 vs. 2015. Both years were wet, but 2014
was cooler than average (Xu et al. 2017). Temperature
may have had important effects on microbial communi-
ties, and the effects of temperature on microbial in
grasslands deserve more study.
In summary, fungal community composition and C-
scores differed between diverse native and exotic C4 grass
dominated plots. Bacterial communities were not as
strongly affected by plant community treatments. The
fungal communities were more structured in exotic than
native plots, potentially due to the simplification of the
aboveground plant community. We also showed that nu-
trient cycling for N and P was higher under the more
diverse C3-C4 mixed native than the low diversity, C4
dominated exotic mixtures. The changes in plant produc-
tion and functional group abundance that characterized
exotic compared to native plant communities had a sig-
nificant impact on the belowgroundmicrobial community
structure, composition, and function. Our study demon-
strates that exotic plants can have cascading impacts on
ecosystems by changing microbial community compo-
sition and biogeochemical cycles.
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